A method was developed for detection of bromodeoxyuridine (BrdU) in conjunction with other antigens in formalinf t e d paraEtin sections with microwave antigen retrieval. The method was applied to rat adrenal medulla to demonstrate S-phase nuclei in epinephine-producing cells stained for immunoreactive phenylethanolamine-N-methyltransferase and in norepinephrine-producing cells stained for immunoreactive tyrosine hydroxylase. The quality of staining for all three antigens was comparable to or better than that pre-
Introduction
Epinephrine (E)-and norepinephrine (NE)-producing chromaffin cells in the adrenal medullas of male and female rats continue to proliferate in adult life (7,16). This proliferation might reflect both a continuing increase in adult body size, particularly for male rats during the first year of life, and a physiologically varying rate of renewal. In normal female Sprague-Dawley rats aged 22-36 weeks, chromaffin cells have been estimated to have a renewal rate of about 1% per day (19) . It has been suggested that stimulation of chromaffin cell proliferation in response to a variety of drugs, toxins, and other substances may be a common path by which pharmacologically diverse agents cause pheochromocytomas in rat adrenal (16) .
Signaling pathways that control chromaffin cell proliferation in adult rats appear to be neurally mediated. Proliferation is stimulated by reserpine (16), which is known to cause a reflex increase in trans-synaptic stimulation of chromaffin cells via the splanchnic nerve (1 I) , and is decreased by unilateral adrenal denervation (14) . In cell cultures, proliferation of chromaffin cells from male and female adult rats is stimulated by phorbol esters or by activators of adenylate cyclase, which, respectively, mimic acetylcholine or peptide neurotransmitters in vivo (15) . E and NE in the rat adrenal are for the most part produced in different cell populations (20) , and recent studies suggest that these populations receive somewhat different neural input. For example, acetylcholine stimulates the secretion of both NE and E, whereas the peptide neurotransmitter vasoactive intestinal peptide stimulates predominantly the secretion of E ( 5 ) . It is therefore of interest to be able to evaluate proliferation of E and NE cells in response to different stimuli. To accomplish this objective, we have adapted an immunohistochemical labeling system based on incorporation of bromodeoxyuridine (BrdU) in place of thymidine (4) to study the replication of chromaffin cells identified by simultaneous staining for tyrosine hydroxylase (TH) and phenylethanolamine-N-methyltransferase (PNMT). Our protocol employs microwave antigen retrieval (10) to increase the immunoreactivity of all three antigens in formalin-fixed, paraffin-embedded tissue sections. The same methodology should be applicable to a wide variety of cells and tissues.
Materials and Methods
Adrenal glands were obtained from normal adult male Fisher 344 rats after infusion of BrdU (20 mg/ml in Dulbecco's PBS) by osmotic minipumps (Alza; Palo Alto, CA) for 1 week, as previously described (14) . After fixation for 24 hr in 10% buffered formalin, the glands were processed and embedded in paraffin. Histologic sections 5 pm thick were prepared on positively charged glass microscope slides (Super Frost Plus; Fisher Scientific, Pittsburgh, PA) to promote adhesion of the tissue sections to the slides. TISCHLFX wlv in 0.05 M %is buffer, pH 7.0) containing CoC12 (0.02% w/v) and H202 (0.0006% vlv) to produce a slow reaction with little background, as previously described (6.16). 6. Incubate overnight at 4'C in a solution containing rat liver-absorbed (17) rabbit anti-PNMT (k600) (INCSTAR; Stillwater, MN) and mouse monoclonal anti-TH (1:250) (INCSTAR) in PBS with 1% normal goat serum, 1% normal horse serum, and 0.5% bovine serum albumin. 7. Incubate in biotinylated goat anti-rabbit IgG (1:200 in PBS) (Vector) for 1 hr at RT, followed by 1 hr in avidin-biotin-peroxidase complex. 8. Develop a brown peroxidase reaction product by incubation for approximately 5 min in a solution of DAB (0.05% wlv), prepared as in Step 5 but without CoC12 and with 0.01% HzOz.
9. Incubate in biotinylated horse anti-mouse IgG (1:100 in PBS) (Vector) for 1 ht at RT, followed by 1 hr in avidin-biotin-alkaline phosphatase complex (Vector). 10. Develop a pale pink alkaline phosphatase reaction product using a Histomark Red substrate kit (Kirkegaard & Perry; Gaithersburg, MD). 11. Counterstain lightly with hematoxylin, dehydrate routinely, and mount in permanent mounting medium.
Each reagent change in Steps 4-10 was preceded by three rinses in reagent grade distilled water (approximately 1 min each rinse with gentle agitation). The development of each colored reaction product was monitored visually until the colors were of satisfactory intensity. Sections were deparaffinized routinely in xylene and rehydrated through a graded ethanol series to distilled water.
A series of preliminary experiments was conducted to optimize and standardize the microwave protocol and subsequent immunohistochemical steps. A variety of liquids reported to be effective in published microwave antigen retried protocols (distilled water, PBS, pH 7.0, 1% ZnS04, or 0.01 M sodium citrate buffer, pH 6.0) (2J.10) were tested. The need for blocking steps with peroxide or normal sera and the optimal length of washes between steps were also evaluated during these experiments. Microwave treatment was carried out for intervals of 5-20 min in 25-slide plastic staining dishes (Baxter Diagnostics; McGaw Park, IL), with the metal handles removed from the slide staining holders. The containers were fded with 180 ml of each liquid tested and the lids were held in place by doubled rubber bands to form a pressure cooker-like device. All slots in the slide holders were fded, either with test slides or blanks.
On the basis of above preliminary studies, the optimal protocol for detecting the three antigens of interest was determined to be as follows: 
Results
Black BrdU-labeled nuclei of chromaffin cells were readily distinguished from labeled and unlabeled cells of other types by their rounded or slightly oval contours and by their central location within groups of E or NE cells. E cells were characterized by pink-brown cytoplasm, whereas NE cells were pale pink (Figure 1) . The distribution and proportion of the two chromaffin cell types was as reported in other immunohistochemical studies and in studies employing cytochemical methods for detection of catecholamines (17,20).
Discussion
We have developed a highly effective and efficient technique based on microwave antigen retrieval for demonstration of BrdU in conjunction with other antigens. A Med-Line literature search as of June, 1994, reveals a small number of papers using microwave heating in conjunction with BrdU staining by the immunogold method and in plastic sections (lJ8). There are no applications similar to the one reported here. The effort to develop this new technique arose from the fact that most if not all (8) commercially available antibodies against BrdU require acid or enzymatic pre-treatment of tissue sections to denature DNA when the antibodies are employed for immunohistochemistry at the level of light microscopy (8,9). Both microwave energy and heat are known to denature DNA (13) , and a variety of microwave protocols have recently been shown to restore immunoreactivity of proteins that are cross-linked by formalin fix ation (3,lO) . In addition to producing BrdU staining comparable to that obtained with other methods that involve harsher treatment of the tissues (9), the protocol we employed improved staining for both PNMT and TH in formalin-fixed tissues compared to staining without microwave treatment. Moreover, Triton X-100, a detergent employed to improve staining for PNMT in previous studies (17) , was found to offer no improvement in staining of microwavetreated sections. A further benefit of the microwave protocol under most circumstances appears to be inactivation of endogenous cellular peroxidases and elimination of need for the peroxide pretreatment usually employed for that purpose to prevent nonspecific staining of erythrocytes in immunohistochemical protocols that employ horseradish peroxidase reporter systems (12). Some persistent endogenous peroxidase activity may be observed after extremely long incubations with DAB substrate. The pulse followed by cooling protocol we employed was found, in conjunction with charged slides, to prevent the tissue detachment that may be observed with continuous microwave heating and to reduce boiling over of the buffer solution. Loss of buffer is also reduced by use of the rubber band "pressure cooker" device. Although the protocol of two pulses and two cool-downs is optimal for the present application, an additional cycle of pulsing and cooling may either increase or decrease staining for other antigens, and should be refined on a case-bycase basis.
Application of the triple-staining technique to identify different populations of replicating cells in the adrenal medulla is based on the fact that TH, the rate-limiting enzyme in catecholamine synthesis, is present in all chromaffin cells, whereas PNMT, the enzyme that converts NE to E, is present only in E cells. The reporter systems for demonstrating the two cell types are therefore chosen so that the brown peroxidase reaction product that identifies PNMT in E cells will mask the pale pink alkaline phosphatase product that identifies TH. In contrast, NE cells, which lack PNMT, remain pink. Similarly, the black peroxidase reaction product that identifies BrdU in the nucleus masks any nuclear coloration that may occur from the brown peroxidase product used to identify PNMT. It is important that dark chromogens be utilized before lighter ones when this approach is employed.
It is of interest that with the antibodies employed in this study, great savings in time could be achieved by reducing wash times and eliminating pre-treatment with blocking sera. Ten-min washes and pre-treatment of tissue sections with 10% normal horse serum or normal goat serum produced no less background than 1-min washes and inclusion of the blocking sera at a 1% concentration in the appropriate antibody solutions. In our experience, this is also true for many other antibodies.
This method has been developed for triple staining for greatest flexibility. However, chromaffin cell proliferation can, in fact, be analyzed by double staining for BrdU and PNMT, because NE cells can be identified as unstained cell islands in a background of PNMTpositive E cells (17, 20) . Deletion of TH staining results in a time saving of more than 2 hr.
We have previously employed double immunohistochemical staining for BrdU and PNMT to show that the major normal proliferative chromaffin cell type in control or short-term reserpine-treated rats is the E cell (16) . This finding was of interest because both spontaneous and drug-induced pheochromocytomas in rats are almost invariably noradrenergic (17) . One possible explanation for this discrepancy might be a shift in proliferative cell populations from E to NE over time. This possibility was previously not readily amenable to quantitative study because the method employed for BrdU staining required digestion of the tissue sections in pepsin and HCI to expose BrdU to its antibody. That technique resulted in suboptimal histology and, more importantly, required that staining for BrdU be performed after staining for PNMT, with some resultant blurring of the PNMT stain. These problems have been eliminated by the present microwave technique, which yields slides of excellent quality and permits staining for at least three antigens. In a preliminary study we have used this technique to demonstrate that E cells remain the major proliferative cell type in the rat adrenal medulla after as long as 12 weeks of stimulation by reserpine (AS Tischler, manuscript in preparation). We have also shown that the same protocol is applicable to proliferation antigens other than BrdU.
